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tively	 correlated	with	 survival	 in	others?	We	addressed	 these	questions	using	 the	
burying	 beetle, which	 breeds	 on	 small	 carcasses	 and	 sometimes	 carries	 phoretic	
mites.	These	mites	breed	alongside	the	beetle,	on	the	same	resource,	and	are	a	key	
component	 of	 the	 beetle’s	 early‐life	 environment.	We	 exposed	 female	 beetles	 to	
mites	twice	during	their	lives:	during	their	development	as	larvae	and	again	as	adults	
during	their	first	reproductive	event.	We	measured	investment	in	current	reproduc‐












life‐history	 plasticity.	We	 discuss	whether	 this	 is	 because	mites	 influence	 the	 re‐
sources	available	to	developing	young	or	serve	as	important	environmental	cues.
K E Y W O R D S
burying	beetles,	developmental	plasticity,	early‐life	effects,	environment	matching,	
informational	model,	life‐history	trade‐offs,	phoretic	mites,	silver	spoon,	somatic	model
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1  | INTRODUC TION
Phenotypic	 plasticity	 is	 classically	 defined	 as	 variation	 in	 the	
phenotype	that	is	induced	when	a	single	genotype	is	exposed	to	
different	 environments	 (Pigliucci,	 2001;	 West‐Eberhard,	 2003).	
Although	 it	 is	 well	 established	 that	 the	 expression	 of	 diverse	
traits	can	be	environmentally	 induced	 (Bennett	&	Murray,	2014;	
Charmantier	 et	 al.,	 2008;	Kuzawa,	McDade,	Adair,	&	 Lee,	 2010;	





recent	 theoretical	 work	 has	 considered	 whether	 environmental	
conditions	experienced	in	early	life	might	account	for	some	of	the	
individual	variation	in	the	extent	of	plasticity	shown	in	adult	 life	
(Dingemanse	 &	Wolf,	 2013;	 Nettle	 &	 Bateson,	 2015;	 Stamps	 &	
Frankenhuis,	2016).
1.1 | Plasticity in current reproductive investment: 









trates	 extreme	 individual	 variation	 in	 the	 slope	of	 such	 a	 reaction	
norm.	Previous	work	suggests	that	the	early‐life	environment	could	




current	 reproductive	 investment	 and	 probability	 of	 surviving	 to	
breed	 again	 (Figure	 1b).	Although	 these	 two	 life‐history	 traits	 are	
commonly	related	to	each	other	(Stearns,	1989,	1992),	the	direction	
of	 this	 relationship	can	vary	 from	 individual	 to	 individual	 (Reznick,	
Nunney,	 &	 Tessier,	 2000).	 In	 some	 individuals,	 increased	 invest‐
ment	 in	 current	 reproduction	 causes	 an	 allocation	 of	 resources	






1.2 | The role of the early‐life environment in 
explaining individual variation in plasticity








an	 individual	 acquires	during	 its	development,	 the	greater	 its	 ca‐
pacity	 to	mobilize	 the	 resources	 required	 for	 phenotypic	 plastic‐
ity	 in	 later	 life	 (Bennett	&	Murray,	2014;	Snell‐Rood	et	al.,	2015).	
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Informational	models	 differ	 from	 somatic	models	 by	 assuming	
that	the	early‐life	environment	functions	to	provide	information	that	
can	guide	phenotypic	changes	(Frankenhuis	&	Panchanathan,	2011;	
Nettle	 &	 Bateson,	 2015;	 Stamps	&	 Frankenhuis,	 2016).	 If	 individ‐
uals	 sample	 their	 environment	 at	 intervals,	 they	 can	use	Bayesian	
updating	to	gain	a	more	accurate	and	complete	assessment	of	envi‐
ronmental	conditions	before	committing	to	a	particular	phenotype	
(English,	 Fawcett,	 Higginson,	 Trimmer,	 &	 Uller,	 2016;	 Frankenhuis	
&	 Panchanathan,	 2011;	 Stamps	 &	 Frankenhuis,	 2016).	 Individuals	
that	receive	a	more	consistent	set	of	cues	can	strategically	commit	
to	 a	phenotype	 sooner	 than	might	be	expected	 in	 the	 absence	of	
such	cues	(Frankenhuis	&	Panchanathan,	2011).	The	variation	seen	
in	 adult	 life	 (illustrated	 in	Figure	1a)	 can	 thus	be	explained	by	 the	
cues	perceived	during	development.	 If	 these	 cues	match	 the	 cues	
perceived	in	adulthood,	for	example,	it	might	yield	increased	invest‐
ment	 in	 current	 reproduction—because	 an	 individual	 has	 greater	





owing	 to	 greater	 levels	 of	 uncertainty	 about	 true	 environmental	
conditions	(English	et	al.,	2016;	Frankenhuis	&	Panchanathan,	2011;	
Stamps	&	Frankenhuis,	2016).	Likewise,	accurate	information	about	




















becomes	 an	 edible	 nest	 where	 they	 are	 tended	 by	 their	 parents	
(Pukowski,	 1933;	 Scott,	 1998).	 The	 larval	 stage	 ends	when	 larvae	
cease	feeding	and	crawl	away	into	the	soil	to	pupate.
Burying	 beetles	 exhibit	 considerable	 variation	 in	 the	 plasticity	
of	 their	 life‐history	 traits	 (Cotter	 et	 al.,	 2011;	 Pilakouta,	 Halford,	
Rácz,	&	Smiseth,	2016;	Ward,	Cotter,	&	Kilner,	2009).	For	example,	
females	 that	 experience	 competition	 with	 other	 burying	 beetles	
over	 carcasses	 increase	 their	expenditure	on	 their	 first	brood	and	
reduce	their	survival	 (Creighton,	Heflin,	&	Belk,	2009;	Pilakouta	et	
al.,	 2016).	 If	 there	 is	 intense	 competition	 for	 a	 carcass,	 then,	 it	 is	











(Schwarz,	 Starrach,	&	Koulianos,	 1998).	 These	mites	 are	 relatively	
large,	are	easily	seen	while	they	are	on	the	beetle,	and	are	carried	by	
both	sexes.	Mites	travel	on	adult	beetles	as	deutonymphs,	the	stage	









do	not	 know	which	 cues	 the	beetles	use	 to	 assess	whether	mites	
are	on	the	carcass).	The	new	generation	of	mites	stays	on	the	car‐





Mites	 are	 thus	 a	 key	 part	 of	 the	 beetle’s	 developmental	 envi‐
ronment.	 Furthermore,	mites	 can	 potentially	 function	 in	 the	ways	
proposed	by	both	the	somatic	model	and	the	informational	models	
described	 above.	 In	 keeping	with	 the	 somatic	model,	 mites	 could	
limit	 the	 resources	 available	 on	 the	 carrion	 to	 developing	 larvae	
because	they	are	rivals	 for	resources:	 the	more	resources	that	are	













Furthermore,	 and	 again	 in	 keeping	with	 the	 informational	models,	







exposed	 to	mites	at	 two	different	 life	 stages:	during	development	





exposure	 to	 mites	 during	 early	 life	 and	 exposure	 to	 mites	 during	
first	 reproduction,	 each	 independently	 influenced:	 (a)	 the	 extent	
of	 investment	 in	 current	 reproduction	and	 (b)	 the	direction	of	 the	
relationship	between	current	reproductive	investment	and	survival	
after	reproduction.	Using	field	observations,	we	also	tested	whether	
the	 informational	models	could	apply	 to	burying	beetles	and	 their	
mites,	by	assessing	whether	 (c)	mite	density	per	beetle	provides	a	
reliable	cue	of	burying	beetle	population	density.

















al.,	 2015).	For	 this	 step,	we	 set	up	pairs	of	 sexually	mature,	 virgin	
beetles	to	breed	on	an	8–15	g	carcass	inside	its	own	plastic	container	
(28.5	×	13.5	×	12	cm),	which	was	 divided	 into	 two	 by	 a	 cardboard	
partition	containing	a	one‐way	valve.	The	valve	allowed	beetles	to	




























posure	 to	mites	experienced	by	 the	 larvae	 in	 this	experiment	was	
confined	to	the	period	during	development	on	the	carcass	(8	days).	




sprayed	 it	with	water	 once	 to	maintain	humidity,	 and	 closed	each	
box.	 The	 larvae	 remained	 in	 these	boxes	until	 pupation	was	 com‐
plete	 (~3	weeks),	 at	 which	 point	 we	 randomly	 collected	 one	 pair	
of	 sisters	 from	each	brood.	 Each	of	 these	 adult	 females	was	 kept	
alone	 in	 a	 small,	 individual	 plastic	 container	 filled	 with	 moist	 soil	
(12	×	8	×	2	cm),	 and	 fed	 twice	 a	week	with	minced	beef	until	 they	
reached	 sexual	 maturity,	 when	 they	 were	 used	 in	 Step	 2	 of	 the	
experiment.









At	 15–20	days	 post‐eclosion,	 females	 were	 paired	 with	 a	 vir‐
gin,	sexually	mature,	unrelated	stock	male	(that	developed	without	
mites).	Each	pair	was	placed	inside	a	plastic	container	(17	×	12	×	6	cm)	
filled	 with	 ~3	cm	 of	 moist	 soil	 and	 was	 given	 an	 8–15	g	 carcass	
(mean	=	10.85;	SD	=	1.63).	At	this	point,	10	mites	were	introduced,	
as	 described	 previously,	 into	 the	 boxes	 of	 those	 pairs	 assigned	 to	





erage	 larval	mass	 (by	 dividing	 total	 brood	mass	 by	 brood	 size).	At	
this	point,	we	anaesthetized	all	females	using	CO2,	and	removed	and	
counted	 all	 the	 second‐generation	 mites	 dispersing	 on	 them.	We	
also	anaesthetized	the	females	that	bred	without	mites,	and	simu‐
lated	the	removal	of	mites	from	them.	Adult	females	were	then	kept	












To	 understand	whether	 burying	 beetles	 could	 use	mites	 as	 a	 cue	
for	population	density,	we	collected	field	data	on	the	abundance	of	
Nicrophorus beetles	 in	general,	 including	N. vespilloides	 specifically, 
and	their	mites.	We	sampled	wild	Nicrophorus spp.	beetles	from	spring	
to	autumn	of	2013	at	two	field	sites,	Byron’s	Pool	(BP)	(52°10ʹ5ʺN,	
0°7ʹ55ʺE)	and	Wicken	Fen	 (WF)	 (52°31ʹ06ʺN,	0°29ʹ13ʺE),	each	 in	
Cambridgeshire,	 UK.	Note	 that	 it	 is	 highly	 unlikely	 that	 individual	







from	each	other).	Every	 fortnight,	we	 tipped	 the	contents	of	each	
trap	into	its	own	plastic	box	(17	×	12	×	6	cm)	and	transported	them	
to	 our	 laboratory.	 Here,	 we	 collected	 individuals	 from	 each	 box,	
identified	 species	 and	 sex,	 and	 anesthetized	 each	 individual	 with	
CO2	 to	 remove	 the	mite	 load.	We	 removed	 the	mites	 attached	 to	
each	beetle	with	tweezers	and	with	a	fine	paintbrush	and	counted	
them.
2.5 | Statistical analysis: laboratory experiment
We	conducted	all	the	statistical	analyses	in	R	(R	Core	Team,	2014)	
(v.	3.3.0).	To	analyze	 the	 female’s	 investment	 in	 current	 reproduc‐
tion,	we	used	two	general	 linear	mixed	effects	models	 (lmer	 func‐
tion,	 lme4	package,	Bates,	Maechler,	Bolker,	&	Walker,	2015),	one	
analyzing	variation	 in	brood	size	and	 the	other	analyzing	variation	











reproduced	 (with	 or	 without	 mites)	 and	 the	 interaction	 between	




mental	block	as	 a	 covariate	with	 two	 levels,	 block	1	and	2.	When	
we	used	average	 larval	mass	as	 the	 response	variable,	we	also	 in‐
cluded	the	size	of	the	brood	as	a	covariate.	In	this	model,	we	found	
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heteroscedasticity	 in	the	residuals,	as	a	function	of	brood	size	and	
of	 the	 carcass	mass.	Hence,	we	 fitted	 a	 generalized	 least	 squares	
model	 using	 the	 combined	 variance	 structure	 (varComb),	 allowing	
for	 the	 average	 larval	mass	 to	 have	 a	varPower	 variance	 structure	
as	a	 function	of	 the	carcass	mass,	and	a	varExp	variance	structure	
as	a	 function	of	 the	 size	of	 the	brood,	 to	 correct	 for	 this	 (Zuur	et	
al.,	2009a,	2009b).	Furthermore,	when	we	used	average	larval	mass	
as	 the	 response	 variable,	 we	 also	 found	 an	 outlier,	 a	 female	who	
produced	larvae	of	0.0637	g	(when	the	median	average	larval	mass	
produced	by	the	females	was	around	0.14	g).	We	removed	this	out‐
lier	 and	 repeated	 the	 analysis	 (the	 results	were	 not	 influenced	 by	
it,	 yet	 all	 results	 presented	 analyzing	 variation	 in	 the	 average	 lar‐
val	mass	have	excluded	 this	outlier).	 For	 this	model,	we	examined	









of	 the	 female,	 the	mass	of	 the	carcass	 she	bred	upon	as	an	adult,	
and	the	experimental	block	as	covariates.	We	included	the	female’s	
family	to	control	for	having	sisters	across	adult	treatments.	We	ob‐


























We	 used	 the	 same	 approach	 for	 analyzing	 the	 data	 as	 de‐
scribed	 above.	 This	 time	 we	 included	 as	 explanatory	 variables	
the	number	of	second‐generation	mites	dispersing	on	the	female	
(log‐transformed),	 the	 developmental	 environment	 experienced	
by	 the	 female	 (with	 or	 without	 mites),	 and	 the	 interaction	 be‐
tween	these	variables.	Previous	analyses	in	our	laboratory	show	
that	 the	 number	 of	 second‐generation	mites	 dispersing	 on	 the	
adults	 strongly	 correlate	with	 the	 total	 number	 of	mites	 at	 the	
end	of	the	breeding	event	(Duarte,	unpub	data,	Pearson’s	r = 0.78;	
t = 3.82; df	=	9,	p	=	0.0040).	Thus,	to	analyze	variation	in	the	size	
of	 the	 brood,	we	used	 a	 general	 linear	model	 (note	 that	we	no	
longer	 had	 sisters	 repeated	 between	 treatments),	 and	 included	
as	 explanatory	 variables	 the	 developmental	 environment	 expe‐
rienced	 by	 each	 female	 (with	 or	without	mites),	 the	 number	 of	
mites	present	at	the	end	of	the	breeding	event	(log‐transformed	










et	 al.,	 2009a,	 2009b).	 Afterward,	 we	 examined	 the	 normalized	
residuals	to	assess	the	validity	of	this	model	(Zuur	et	al.,	2009a,	
2009b).	To	examine	the	relationship	between	current	reproduc‐
tive	 investment	 and	 survival,	 we	 used	 female	 life	 span	 as	 the	
response	variable	 in	a	Cox‐proportional	hazards	model	 (survival	
package;	Therneau	&	Lumley,	2015).	We	included	as	explanatory	
variables	 the	average	 larval	mass	 that	she	produced	 in	her	 first	
breeding	 event,	whether	 she	 developed	with	 or	without	mites,	
and	 the	 interaction	 between	 these	 variables.	We	 also	 included	
as	explanatory	variables	the	mass	of	the	carcass,	the	size	of	the	
female,	and	the	experimental	block	as	covariates.	To	avoid	large	








by	using	again	 female	 life	 span	as	 the	 response	variable	 in	a	Cox‐
proportional	hazards	model	(survival	package;	Therneau	&	Lumley,	





tal	 block	 as	 covariates.	We	assessed	 the	proportional	 hazards	 as‐
sumption	 for	each	covariate	 included	 in	 the	survival	models	using	
the	cox.zph	function,	from	the	“survminer”	package	(Kassambara	et	
al.,	2017).
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We	ran	further	analyses	to	address	whether	any	effect	of	mites	
on	 life‐history	 trade‐offs	 could	be	due	 to	direct	effects	on	 female	
condition.	We	tested	whether	the	size	of	the	adult	female	was	related	




2.6 | Statistical analysis: field data
We	 investigated	 the	 relationship	 between	 number	 of	 beetles	 in	
natural	populations	and	 the	number	of	mites	carried	per	beetle.	
Specifically,	 we	 analyzed	 the	 relationship	 between	 the	 average	
number	 of	mites	 per	Nicrophorus	 spp	 beetle	 and	 the	 number	 of	
Nicrophorus	 spp	 beetle	 individuals.	 We	 calculated	 the	 average	
number	of	mites	per	Nicrophorus	spp	beetle	as	the	sum	of	all	the	
mites	 found	on	every	Nicrophorus	 spp.	beetle	 at	one	 site	 in	one	
field	 collection	 day,	 divided	 by	 the	 total	 number	 of	Nicrophorus 
spp.	 beetles	 collected	 at	 that	 site	 in	 that	 field	 collection	 day.	
Because	both	the	average	number	of	mites	per	Nicrophorus beetle	
and	 the	 total	number	of	beetles	collected	per	day	per	 site	were	
not	normally	distributed	 (Shapiro	 test:	W	=	0.75;	p	>	0.0001	and	




per	site	 (log‐transformed),	 the	site,	and	 the	 interaction	between	
these	two	variables.
TA B L E  1  Effect	of	the	mite	treatments	on	female	life‐history	traits;	n	=	25	developing	without	mites	and	breeding	with	mites;	n = 25 
developing	with	mites	and	breeding	with	mites;	n	=	26	developing	with	mites	and	breeding	without	mites	and	n	=	23	developing	without	
mites	and	breeding	without	mites
Explanatory variables χ2 t p
Brood size (linear mixed effects model)
Intercept 3.19 1 0.07
Development	(with	or	without	mites) 0.31 1 0.57
Reproduction	(with	or	without	mites) 1.08 1 0.29
Carcass	mass 2.27 1 0.13
Female	size 0.03 1 0.85
Experimental	block 0.78 1 0.37
Development	(with	or	without	mites)	*	Reproduction	(with	or	without	mites) 0.63 1 0.42
Explanatory variables Value SE t p
Average larval mass (generalized least squares with mixed effects)
Intercept 0.155 0.03 4.89 <0.00001
Development	(with	mites) 0.0002 0.005 0.047 0.96
Reproduction	(with	mites) −0.007 0.005 −1.31 0.19
Brood	size −0.002 0.0002 −11.25 <0.00001
Carcass	mass 0.005 0.0013 4.49 <0.00001
Female	size −0.006 0.005 −1.10 0.27
Experimental	block −0.005 0.003 1.53 0.12
Development	(with	mites)	*	Reproduction	(with	mites) 0.007 0.007 1.00 0.31
Explanatory variables Coef Exp(coef) SE(coef) z p
Female life span (Cox‐proportional hazards model with mixed effects)
Development	(with	mites) 0.28 1.33 0.33 0.85 0.39
Reproduction	(with	mites) 0.41 1.51 0.33 1.23 0.22
Carcass	mass −0.03 0.96 0.07 −0.44 0.66
Female	size −0.32 0.72 0.38 −0.85 0.39
Experimental	block −0.36 0.69 0.25 −1.43 0.15
Development	(with	
mites)	*	Reproduction	(with	mites)
−0.25 0.77 0.45 −0.55 0.58
Full	models	are	shown.
Bolded	p	values	denote	significant	effect(s).	Significance	level	is	at	0.05.
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3  | RESULTS
3.1 | Can individual variation in the extent of 
current reproductive investment and in survival be 






eralized	 least	 squares	model,	 after	 removing	 the	 interaction	 effect:	
value	=	0.004;	SE = 0.003; t = 1.07;	p = 0.28)	nor	during	reproduction	
(generalized	least	squares	model,	after	removing	the	interaction	effect:	
value	=	−0.002;	SE = 0.003; t =	−0.79;	p = 0.42)	explained	variation	in	
the	average	larval	mass.	Similarly,	neither	the	presence	or	absence	of	
mites	during	development	(general	linear	mixed	model,	after	removing	
the	 interaction	 effect:	 χ2 = 0.001; p = 0.96)	 nor	 during	 reproduction	
(general	 linear	 mixed	 model,	 after	 removing	 the	 interaction	 effect:	
χ2	=	0.45;	p = 0.50)	explained	variation	in	the	size	of	the	brood.
We	 obtained	 different	 results	 when	 we	 analyzed	 the	 effect	
of	 the	 number	 of	mites	 present	 at	 the	 end	of	 reproduction	 (i.e.,	
the	 number	 of	 second‐generation	 mites).	 This	 time,	 we	 found	
that	 females	 that	 developed	 alongside	 mites	 subsequently	 pro‐
duced	heavier	larvae	in	their	first	breeding	event	when	there	was	
a	 higher	 density	 of	 second‐generation	mites	 (Table	 2;	 Figure	 3).	
Note	that	this	significant	 interaction	was	not	caused	by	outliers:	







TA B L E  2  Effect	of	mite	density	on	female	life‐history	traits,	considering	only	the	females	that	bred	alongside	mites	as	adults
Explanatory variables Estimate SE t p
Brood size (general linear model)
Intercept 2.50 25.12 0.10 0.92
Log‐final	number	of	mites −0.63 2.69 −0.23 0.81
Development	(with	mites) −7.40 16.94 −0.43 0.66
Carcass	mass −0.18 0.83 −0.22 0.82
Experimental	block −3.58 2.51 −1.42 0.16
Female	size 4.24 4.36 0.97 0.33
Development	*	log‐final	number	of	mites 1.61 3.71 0.43 0.66
Explanatory variables Estimate SE t p
Average larval mass (generalized least squares)
Intercept 0.23 0.04 5.51 <0.0001
Development	(with	mites) −0.16 0.02 −5.64 <0.0001
Log‐final	number	of	mites −0.01 0.004 −2.26 0.02
Female	size −0.01 0.007 −1.59 0.11
Experimental	block −0.0002 0.004 −0.04 0.96
Brood	size −0.002 0.0002 −10.29 <0.0001
Carcass	mass 0.005 0.001 3.51 0.001
Development	(with	mites)	*	log‐final	number	of	mites 0.03 0.006 5.74 <0.0001
Explanatory variables Coef Exp(coef) SE(coef) z p
Female life span (Cox‐proportional hazards model)
Development	(with	mites) 0.14 1.15 0.34 0.45 0.67
Average	larval	mass	(standardized) −0.11 0.89 0.21 −0.53 0.59
Carcass	mass −0.04 0.95 0.11 −0.45 0.65
Experimental	block −0.30 0.73 0.33 −0.93 0.34
Female	size 0.13 1.14 0.54 0.25 0.80
Development	*	average	larval	mass	(standardized) 0.75 2.12 0.33 2.23 0.02
n	=	25	females	developing	with	mites	and	n	=	25	females	developing	without	mites.	Full	models	are	shown.
Bolded	p	values	denote	significant	effect(s).	Significance	level	is	at	0.05.
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SE	=	0.004,	 t = 5.88,	 p < 0.001).	 Females	 that	 did	 not	 develop	
alongside	 mites	 showed	 the	 opposite	 response.	 They	 produced	
slightly	lighter	larvae	when	mite	density	was	higher	(effect	of	the	
log‐final	density	of	second‐generation	mites	dispersing	on	the	fe‐
male	 on	 the	 average	 larval	mass	 that	 she	 produced,	 for	 females	
that	developed	with	mites	and	bred	with	mites	Estimate	=	−0.008,	
SE	=	0.004,	 t =	−2.05,	 p = 0.054;	 after	 removing	 the	 outlier	 of	
0.0637	g).	We	found	no	equivalent	effects	of	mites	on	brood	size	
(Table	2).
3.2 | Is the direction of the relationship between 
current reproductive investment and survival 
explained by exposure to mites during development?
The	 direction	 of	 the	 relationship	 between	 larval	 size	 and	 female	
survival	 differed	 according	 to	 whether	 or	 not	 females	 had	 been	
exposed	 to	 mites	 during	 development	 (considering	 only	 females	
that	 reproduced	 alongside	mites	 as	 adults;	 Table	 2;	 Figure	 4).	 For	
females	 that	did	not	develop	alongside	mites	as	 larvae,	 those	 that	
produced	heavier	 larvae	had	greater	subsequent	survival	 (Table	2;	
Figure	4).	However,	 for	 females	that	developed	 in	the	presence	of	
mites,	the	production	of	heavier	larvae	was	associated	with	reduced	
subsequent	 survival.	We	 checked	whether	 this	 result	was	 caused	
by	outliers.	However,	 the	effect	was	qualitatively	similar	when	we	
excluded	 females	 of	 particularly	 low	 quality	 (we	 had	 two	 females	
with	a	life	span	of	<30	days,	whereas	all	other	females	lived	at	least	




Exp(Coef)	=	1.55;	SE(Coef)	=	0.52;	z = 0.83; p = 0.40).
3.3 | Does the early‐life environment change 
resource acquisition or provide important information 
in natural populations?
We	found	no	difference	 in	 female	 size	between	 those	 that	devel‐
oped	alongside	mites	and	those	that	did	not	in	step	one	of	the	labo‐
ratory	experiment	(χ2	=	1.30,	df =	1,	p = 0.25).	Nor	could	female	size	





site,	on	that	date	 (after	 removing	the	 interaction	from	the	model:	
Estimate	=	0.72;	SE	=	0.16;	t value	=	4.38;	p = 0.0002;	Figure	5).	We	
did	not	find	a	significant	interaction	between	the	site	and	the	total	
number	of	beetles	collected	 in	each	date	 in	each	site	 (interaction	
effect:	Estimate	=	−0.02;	SE	=	0.34;	 t value	=	−0.06;	p = 0.95).	The	
intercepts	of	the	sites	were	significantly	different:	there	were	many	
more	mites	per	beetle	 in	Byron’s	pool	 than	 in	Wicken	Fen	 (Effect	
of	 the	 site	 (Wicken	Fen),	 after	 removing	 the	 interaction	 from	 the	
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4.1 | Plasticity in the extent of current 
reproductive investment





ses	 suggest	 that	 this	 is	because	beetles	appear	 to	base	 their	 life‐
history	decisions	on	the	absolute	number	of	mites	present	during	
their	 first	 bout	 of	 reproduction,	 rather	 than	 whether	 mites	 are	
simply	present	or	absent.	Although	we	added	the	same	number	of	






in	 current	 reproduction	 by	 beetles	 (Figure	 2,	 Table	 2).	 However,	
the	effect	of	mite	number	on	average	larval	mass	depended	on	the	
female’s	 early‐life	 environment.	 If	 she	 had	 been	 reared	 alongside	
mites	 as	 a	 larva,	 the	 relationship	was	positive,	 but	 if	 she	had	not	
previously	 been	 exposed	 to	 mites,	 the	 relationship	 was	 negative	
(Figure	2).	Therefore,	we	conclude	that	the	early‐life	environment	
changed	 the	 slope	 of	 the	 reaction	 norm	 relating	mite	 number	 to	
average	 larval	mass.	More	 generally,	 our	 results	 suggest	 that	 the	
early‐life	 environment	 can	 explain	 the	 individual	 variation	 in	 life‐
history	plasticity	that	has	been	documented	in	natural	populations	
of	diverse	species	(Dingemanse	&	Wolf,	2013;	Nussey	et	al.,	2007).
4.2 | Plasticity in the sign of the relationship  
between current reproductive investment and  
survival
In	 addition,	we	 found	 that	 average	mass	 of	 the	 larvae	 raised	 dur‐
ing	first	reproduction	predicted	the	female’s	future	survival	(Table	2,	






















4.3 | The role of the early‐life environment: 
supplying resources or providing information?
We	also	considered	two	different	ways	in	which	exposure	to	mites	in	
the	early‐life	environment	could	have	influenced	life‐history	traits.	
We	 asked:	 Do	 mites	 impose	 constraints	 on	 females	 during	 their	











To	 begin,	 let’s	 assume	 that	 mites	 limit	 access	 to	 resources	
during	 development,	 as	 suggested	 by	 the	 somatic	 models.	









in	 a	 poor‐quality,	mite‐rich	 environment	 in	 anticipation	 of	 being	
able	to	breed	again	(Figure	3).	A	key	weakness	with	this	interpre‐
tation	 is	 that	we	 found	no	evidence	 that	development	alongside	
mites	yields	females	of	poor	quality.	It	might	be	argued	we	should	
have	used	female	fat	or	protein	content	to	assess	female	quality,	
rather	 than	 female	 mass	 (Socha,	 2006),	 and	 this	 remains	 to	 be	
done	in	future	work.
The	 informational	 model	 offers	 a	 different	 interpretation.	 It	






















adaptively	account	 for	 individual	variation	 in	 the	extent	of	pheno‐
typic	plasticity	 in	a	key	 life‐history	 trait:	 investment	 in	current	 re‐









key	 resources,	 or	 key	 information,	 or	 both,	 is	 very	 difficult	 to	 de‐












field	 experiment.	ODG	 analyzed	 the	 data.	ODG,	AD,	AA,	 SE,	 and	
RMK	discussed	the	results	interpretation	and	wrote	the	paper.
DATA ACCE SSIBILIT Y
The	data	supporting	 this	paper	can	be	 found	 in	Dryad	https://doi.
org/10.5061/dryad.v57471h.
350  |     DE GASPERIN Et Al.
ORCID
Ornela De Gasperin  https://orcid.org/0000‐0003‐3415‐2072 
Sinead English  https://orcid.org/0000‐0003‐2898‐2301 
Alfredo Attisano  https://orcid.org/0000‐0002‐6675‐4900 
Rebecca M. Kilner  https://orcid.org/0000‐0003‐1159‐0758 
R E FE R E N C E S
Bates,	 D.,	Maechler,	M.,	 Bolker,	 B.,	 &	Walker,	 S.	 (2015).	 Fitting	 linear	




of the Royal Society B: Biological Sciences,	281,	20141806.
Boncoraglio,	G.,	&	Kilner,	R.	M.	 (2012).	Female	burying	beetles	benefit	
from	 male	 desertion:	 Sexual	 conflict	 and	 counter‐adaptation	 over	
parental	investment.	PLoS ONE,	7,	e31713.	https://doi.org/10.1371/
journal.pone.0031713





















in	the	burying	beetle	Nicrophorus vespilloides. Ecology and Evolution,	
5,	5552–5560.
De	Gasperin,	O.,	 &	 Kilner,	 R.	M.	 (2016).	 Interspecific	 interactions	 and	
the	 scope	 for	 parent‐offspring	 conflict:	 High	mite	 density	 tempo‐
rarily	 changes	 the	 trade‐off	between	offspring	 size	and	number	 in	
the	burying	beetle	Nicrophorus vespilloides. PLoS ONE,	11,	e0150969.	
https://doi.org/10.1371/journal.pone.0150969
DeWitt,	T.	J.,	Sih,	A.,	&	Wilson,	D.	S.	(1998).	Costs	and	limits	of	pheno‐




Animal Behaviour,	 85,	 1031–1039.	 https://doi.org/10.1016/j.
anbehav.2012.12.032
English,	 S.,	 Fawcett,	T.	W.,	Higginson,	A.	D.,	 Trimmer,	P.	C.,	&	Uller,	 T.	
(2016).	Adaptive	use	of	information	during	growth	can	explain	long‐
term	effects	of	early	 life	experiences.	The American Naturalist,	187,	
620–632.	https://doi.org/10.1086/685644
Forstmeier,	 W.,	 &	 Schielzeth,	 H.	 (2011).	 Cryptic	 multiple	 hypotheses	
testing	in	linear	models:	Overestimated	effect	sizes	and	the	winner's	
curse.	 Behavioral Ecology and Sociobiology,	 65,	 47–55.	 https://doi.
org/10.1007/s00265‐010‐1038‐5
Fox,	J.	(2002).	Cox	proportional‐hazards	regression	for	survival	data.	An 
R and S‐PLUS companion to applied regression.	 Thousand	Oaks,	CA:	
Sage.
Fox,	 J.,	Weisberg,	 S.,	Adler,	D.,	Bates,	D.,	Baud‐Bovy,	G.,	 Ellison,	 S.,	…	
Graves,	 S.	 (2012).	 Package ‘car’.	 Vienna,	 Austria:	 R	 Foundation	 for	
Statistical	Computing.
Frankenhuis,	W.	 E.,	 &	 Panchanathan,	 K.	 (2011).	 Individual	 differences	
in	 developmental	 plasticity	 may	 result	 from	 stochastic	 sampling.	
Perspectives on Psychological Science,	 6,	 336–347.	 https://doi.
org/10.1177/1745691611412602






Kuzawa,	 C.	 W.,	 McDade,	 T.	 W.,	 Adair,	 L.	 S.,	 &	 Lee,	 N.	 (2010).	 Rapid	
weight	gain	after	birth	predicts	 life	history	and	reproductive	strat‐
egy	in	Filipino	males.	Proceedings of the National Academy of Sciences 
of the United States of America,	 107,	 16800–16805.	 https://doi.
org/10.1073/pnas.1006008107
Lindström,	J.	(1999).	Early	development	and	fitness	in	birds	and	mammals.	
Trends in Ecology & Evolution,	14,	343–348.	https://doi.org/10.1016/
S0169‐5347(99)01639‐0
Lummaa,	V.,	&	Clutton‐Brock,	T.	(2002).	Early	development,	survival	and	
reproduction	in	humans.	Trends in Ecology & Evolution,	17,	141–147.
Monaghan,	P.	(2008).	Early	growth	conditions,	phenotypic	development	
and	 environmental	 change.	 Philosophical Transactions of the Royal 
Society of London B: Biological Sciences,	363,	1635–1645.
Nehring,	V.,	&	Müller,	 J.	 K.	 (2009).	 Social	 environment	 affects	 the	 life	
history	tactic	of	a	phoretic	mite.	Journal of Evolutionary Biology,	22,	
1616–1623.	https://doi.org/10.1111/j.1420‐9101.2009.01771.x
Nettle,	 D.,	 &	 Bateson,	 M.	 (2015).	 Adaptive	 developmental	 plas‐
ticity:	What	 is	 it,	how	can	we	recognize	 it	and	when	can	 it	evolve?	
Proceedings of the Royal Society of London B: Biological Sciences,	282,	
20151005.	https://doi.org/10.1098/rspb.2015.1005
Nussey,	 D.	 H.,	 Clutton‐Brock,	 T.	 H.,	 Elston,	 D.	 A.,	 Albon,	 S.	 D.,	 &	
Kruuk,	 L.	 E.	 (2005).	 Phenotypic	 plasticity	 in	 a	 maternal	 trait	 in	
red deer. Journal of Animal Ecology,	 74,	 387–396.	 https://doi.
org/10.1111/j.1365‐2656.2005.00941.x
Nussey,	 D.,	 Wilson,	 A.,	 &	 Brommer,	 J.	 (2007).	 The	 evolution‐
ary	 ecology	 of	 individual	 phenotypic	 plasticity	 in	 wild	 popula‐





microsatellite	 markers	 in	 the	 burying	 beetle	 Nicrophorus vespilloi‐
des	reveals	population	genetic	differentiation	at	local	spatial	scales.	
PeerJ,	5,	e3278.






Przybylo,	 R.,	 Sheldon,	 B.	 C.,	 &	 Merilä,	 J.	 (2000).	 Climatic	 effects	
on	 breeding	 and	 morphology:	 Evidence	 for	 phenotypic	 plas‐
ticity.	 Journal of Animal Ecology,	 69,	 395–403.	 https://doi.
org/10.1046/j.1365‐2656.2000.00401.x
Pukowski,	 E.	 (1933).	 Ökologische	 untersuchungen	 an	 Necrophorus F. 
Zoomorphology,	27,	518–586.	https://doi.org/10.1007/BF00403155
R	Core	Team	(2014).	R: A language and environment for statistical comput‐
ing.	Vienna,	Austria:	R	Foundation	for	Statistical	Computing.
     |  351DE GASPERIN Et Al.
Reznick,	D.,	Nunney,	L.,	&	Tessier,	A.	(2000).	Big	houses,	big	cars,	super‐
fleas	and	the	costs	of	reproduction.	Trends in Ecology & Evolution,	15,	
421–425.
Scheiner,	S.	M.	(1993).	Genetics	and	evolution	of	phenotypic	plasticity.	
Annual Review of Ecology and Systematics,	 24,	 35–68.	 https://doi.
org/10.1146/annurev.es.24.110193.000343
Scheiner,	S.	M.,	&	Lyman,	R.	F.	(1989).	The	genetics	of	phenotypic	plas‐
ticity	I.	Heritability.	Journal of Evolutionary Biology,	2,	95–107.	https://
doi.org/10.1046/j.1420‐9101.1989.2020095.x
Schwarz,	H.	H.,	 &	Müller,	 J.	 K.	 (1992).	 The	 dispersal	 behaviour	 of	 the	
phoretic	 mite	 Poecilochirus carabi	 (Mesostigmata,	 Parasitidae):	
Adaptation	 to	 the	 breeding	 biology	 of	 its	 carrier	Necrophorus ves‐
pilloides	(Coleoptera,	Silphidae).	Oecologia,	89,	487–493.	https://doi.
org/10.1007/BF00317154
Schwarz,	H.,	 Starrach,	M.,	&	Koulianos,	 S.	 (1998).	Host	 specificity	 and	
permanence	 of	 associations	 between	 mesostigmatic	 mites	 (Acari:	
Anactinotrichida)	 and	 burying	 beetles	 (Coleoptera:	 Silphidae:	
Nicrophorus).	Journal of Natural History,	32,	159–172.
Scott,	M.	P.	(1998).	The	ecology	and	behavior	of	burying	beetles.	Annual 
Review of Entomology,	 43,	 595–618.	 https://doi.org/10.1146/an‐
nurev.ento.43.1.595
Snell‐Rood,	 E.,	 Cothran,	 R.,	 Espeset,	 A.,	 Jeyasingh,	 P.,	 Hobbie,	 S.,	 &	
Morehouse,	 N.	 I.	 (2015).	 Life‐history	 evolution	 in	 the	 anthropo‐
cene:	 Effects	 of	 increasing	 nutrients	 on	 traits	 and	 trade‐offs.	
Evolutionary Applications,	 8,	 635–649.	 https://doi.org/10.1111/
eva.12272
Socha,	 R.	 (2006).	 Endocrine	 control	 of	 wing	 morph‐related	 differ‐
ences	 in	 mating	 success	 and	 accessory	 gland	 size	 in	 male	 fire‐
bugs.	 Animal Behaviour,	 71,	 1273–1281.	 https://doi.org/10.1016/j.
anbehav.2005.07.029
Stamps,	 J.	A.,	&	 Frankenhuis,	W.	 E.	 (2016).	 Bayesian	models	 of	 devel‐
opment.	 Trends in Ecology & Evolution,	 31,	 260–268.	 https://doi.
org/10.1016/j.tree.2016.01.012
Stearns,	 S.	 C.	 (1989).	 Trade‐offs	 in	 life‐history	 evolution.	 Functional 
Ecology,	3,	259–268.	https://doi.org/10.2307/2389364







beetle	 Nicrophorus vespilloides. Behavioral Ecology,	 20,	 1274–1281.	
https://doi.org/10.1093/beheco/arp132




&	W.	Wong	(Eds.),	Mixed effects models and extensions in ecology with 
R.	New	York,	NY:	Spring	Science	and	Business	Media.
Zuur,	A.,	 Ieno,	 E.,	Walker,	N.,	 Saveliev,	A.,	&	Smith,	G.	 (2009b).	Mixed	
effects	modelling	 for	 nested	 data.	 In	M.	Gail,	 K.	 Krickeberg,	 J.	M.	
Samet,	A.	Tsiatis,	&	W.	Wong	(Eds.),	Mixed effects models and exten‐
sions in ecology with R.	New	York,	NY:	Spring	Science	and	Business	
Media.
How to cite this article:	De	Gasperin	O,	Duarte	A,	English	S,	
Attisano	A,	Kilner	RM.	The	early‐life	environment	and	
individual	plasticity	in	life‐history	traits.	Ecol Evol. 2019;9:339–
351. https://doi.org/10.1002/ece3.4749
